In this paper we probe inert Higgs doublet model at the LHC using Vector Boson Fusion (VBF) search strategy. We optimize the selection cuts and investigate the parameter space of the model and we show that the VBF search has a better reach when compared with the monojet searches. We also investigate the Drell-Yan type cuts and show that they can be important for smaller charged Higgs masses. We determine the 3σ reach for the parameter space using these optimized cuts for a luminosity of 3000 fb −1 .
Introduction
The particle physics origin of the 27% of the universe is still unknown. The results from the direct, indirect detections and the collider experiment are investigating particle physics models which provide a dark matter candidate. The null results so far from these experiments have already ruled out many models. However, many models still exist with large regions of allowed parameter space. Since the LHC is ongoing, it will be crucial to come up with strategies to investigate the parameter spaces of these models to the maximum extent. In this paper, our main focus is to use the LHC searches to investigate one simple dark matter model by developing a search strategy and compare with the existing search strategies.
The Lagrangian of the model is given by:
where
H stands for the Higgs doublet in the SM, which acquires a vacuum expectation value (VEV) v = 246.2 GeV. We define
which controls the interactions though the Higgs portal. The components of the scalar doublets are defined as
The fields are written in the canonical form. H 0 , A 0 and H + are the CP even, CP odd and charged scalar of the additional scalar doublet. G + and G 0 are the Goldstone bosons of the the SU (2) L ×U (1) Y electroweak symmetry, 3 Search for VBF signature at the LHC The IDM can be explored in the current and futures runs of the large hadron collider (LHC) with a center of mass energy √ s = 13 TeV. Since the DM candidate, H 0 has weak charges, it can be produced via a VBF strategy [30] at the LHC. The VBF search for the DM investigate missing energy in the association of two high E T jet with large |∆η| between the jets in the final state.
The important contributions to the VBF total cross-section for this model are displayed in figure 1. The last two diagrams are only important for large values of λ L , while the first two diagrams can have large destructive interferences for small values of λ L and not too large splitting between the set of inert scalar masses. The blob in the gluon diagram denotes the effective coupling between the gluons and the SM Higgs.
The inclusive cross section for the process pp → H 0 H 0 jj for a fixed dark matter mass of 150 GeV is displayed in figure 2 as a function of λ L for several values of M A 0 = M H + . Note that for specific values of M A 0 = M H + , the Drell-Yann production of inert scalars for small λ L can be enhanced, because of resonant production of gauge bosons which give rise to the two jets.
The VBF topology relies in a set of characteristic of the events from the point of view of a detector as the ATLAS or CMS experiments. The two jets produced from such signature are located in different hemispheres of the detector, which means that η(j 1 ) × η(j 2 ) < 0. Additionally, these two jets are also well separated in the pseudorapidity. We expect then that the two jets from backgrounds faking the VBF topology have smaller separation in η than the two jets from our signal. Finally, a key characteristic of the two jets from the VBF topology is that their invariant mass is larger than for a couple of non-VBF jets. Some contributions to the VBF signal have been considered in [31] which does not include some of the essential VBF cuts, e.g., large |∆η|, large M j 1 j 2 etc. Our cuts originate from the experimental searches as mentioned above [32, 33] which we optimize further. Consequently, we obtain much larger reach for the parameter space.
All these VBF characteristics significantly reduce backgrounds and gives us a different set of background than monojet searches. Our main backgrounds are Z → νν+jets and W +/− → lν+jets, where the lepton is missed by the detector reconstruction (for example if it is produced outside the experiment acceptance or fails isolation criteria). Z → νν+jets background will be referred in the following as simply Z+jets. The QCD contribution to our background expectations is very small, and we consider it negligible for simplicity of this work.
To design our analysis we have used MC simulations of Z+jets and the signal. We have used MadGraph [34] to simulate the partonic process while Pythia 8 [35] for the hadronization and showering. Finally, we have processed our samples with Delphes [36] to simulate a detector response. We have used default configurations from the packages and we have worked specifically with the CMS experiment simulation done by Delphes. We do not expect significant differences to our conclusions by switching the detector simulation to an ATLAS-like configuration. We have used AK4 (Anti-kt algorithm with R = 0.4) jets that are reconstructed with fastjet package [37] . Jets were reconstructed in a rapidity acceptance of |η(j)| < 5. For the simulation of the signal we have used the IDM model implementation [11, 38] available in the FeynRules [39] models database.
Based on the analysis presented in [32] , we assume that the W +/− +jets background is kinematically similar to the Z+jets background. and that after full selection our background contribution will be composed 70% by Z-jets events and 30% by W +− +jets. Moreover, as we just consider the significance
as figure of merit over the total number of events to determine the goodness of the selection, we are not affected by potential small kinematic differences between our two main backgrounds.
For the analysis we propose we relied in the following set of variables:
| denoted in the literature as transverse missing energy.
• N (j) the jet multiplicity.
• The two leading jets p T , p T (j 1 ) and p T (j 2 ).
•
, the invariant mass of the two leading jets.
The selection was followed having the greatest significance in the order of the variables they have been cited. N (j) was fixed to be greater than 1 and η(j 1 ) × η(j 2 ) < 0. The signal samples used for the optimization was produced with M H 0 = 65 GeV, M H + = M A 0 = 750 GeV and λ L = 0.2, but it has been checked that changing the λ L parameter we do not gain re-optimizing the selection.
The set of cuts that drives the analysis to the greatest significance is: The selection on the missing energy was chosen quite high because this variable is normally used for the trigger in the experiments for dark matter searches. It would be a good improvement for this search if this threshold could be lowered down as much as possible in the triggers used by the experiments. A comparison between signal and the main background on this variable before any cut can be found in figure 3 . It can be seen that our signal is expected to have greater missing transverse momentum than the main background.
In figure 4 the jet multiplicity of our signal and main background after Cut 1 is shown. Figure 5 shows the leading jets transverse momentum at the same stage of the selection and for the same samples. From the jets p T distributions it can be seen that however the main background tends to have quite energetic first leading jet and a gain in sensitivity can be achieved cutting the events at the lower tail of the distribution. For the sub-leading jet, the signal shows clearly more energetic jets than the main background.
The pseudorapidity separation of the two leading jets is shown in figure 6 after Cut 4. We can corroborate from all these cited distributions that signal tends to have greatest separation between the two leading jets than the main background. Finally, further differences between signal and the main background can be found in the invariant mass of the two leading jets. The distribution for signal and Z+jets background after cut 6 are shown in figure 7 .
The efficiencies of each cut are displayed in Table 1 : Efficiencies for signal and Z+jets background for different stages of the selection.
In table 1 we have cited the efficiencies of the selection for a signal with λ L = 0.2. These efficiencies actually have a dependence on this parameter. When λ L is greater than 1, the first diagram displayed in figure 1 becomes subdominant, and therefore changing the selection efficiency. Therefore we have scanned λ L between 0.01 and 10, and we found efficiencies between 1 and 5%. The efficiencies obtained from this scan have been used in the results section to calculate the significance as a function of λ L . From table 1 we can see that Cut 7 is not resulting in a strong increase in the selection discrimination power. However, this cut, inspired from experimental results [32, 33] , would be more discriminant with a different technique to estimate backgrounds as with data-driven methods.
Results
Using the cuts developed in table 1, we show the significances as a function of M H 0 in figures 8 and 9 for 30 and 3000 fb −1 luminosities and two different values of λ. In table 1 we have quoted only statistical uncertainties, however in our results we have considered a higher uncertainty of 30% over signal and background yields to have a more realistic approach including other sources of uncertainties (e.g. PDF, cross section, ...). We find that larger values of M H ± and λ L produce larger significances for VBF analysis due to large production cross-sections. For λ L ∼ 1, the 3σ reach can go up to M H 0 ∼200 GeV for 3000 fb −1 luminosity. In figure 10 , we show the 3σ reach of our VBF cuts in the λ L and M H 0 parameter space for various luminosities ranging from 30 to 3000 fb −1 . We maximized the production cross-sections by choosing M H ± appropriately. We can see that the reach for the parameter space is substantial. The 3σ reach of the parameter space of can go up to 280 GeV of M H 0 for larger values of λ L . For λ L ∼ 10 −2 , the 3σ reach for the DM mass goes up to M H 0 ∼125 GeV.
The IDM can be constrained using monojet-type searches at the LHC. However the reach of the VBF search is better than the monojet search. In Table 2 , we compare the significances of monojet search using the cuts as given in [4, 40] with the VBF search strategy as developed in this paper at 20 fb −1 . In the table, S MJ, VBF , B MJ, VBF and σ MJ,VBF are signal, background events and significances for monojet and VBF selection cuts respectively where we find that the VBF searches are more effective in probing the IDM models.
If M H + is not so large (< 500 GeV), H + can be produced efficiently with larger cross-section which then subsequently decay into H 0 . In such parameter space, Drell-Yan type cuts can be useful. In Benchmark Table 4 : Comparison between our analysis and the one implemented in Ref. [31] , with an integrated luminosity of 1000 fb −1 .
in [31] : We show our results in table 4 where we compare these cuts. In the table, S DY,VBF , B DY,VBF and σ DY,VBF are signal, background events and significances for D-Y and VBF selection cuts respectively. We find that for M H + ≥ 500 GeV, the significance becomes much better for VBF analysis.
Conclusions
In this paper we utilize VBF search strategy to probe the parameter space of the inert doublet model where H 0 is a dark matter candidate. We probe the parameter space of the model at the LHC without applying constraints from the annihilation rate and the data from the direct and indirect experiments, since these constraints can be relaxed in various cosmological scenarios.
The VBF search is centered around the requirement of two high p T jets which located in different hemispheres of the detector, η(j 1 ) × η(j 2 ) < 0, which are also well separated in the pseudorapidity and their invariant mass is larger than for a couple of non-VBF jets. We further optimize the VBF cuts and found that p miss T >180 GeV, p T (j 1(2) ) > 100(50) GeV, |∆η| > 4.2, M (j 1 , j 2 ) > 1 TeV, N (j) ≥ 2, η(j 1 ) × η(j 2 ) <0 provide the largest significance. The dominant background arises from Z+jets and we showed the signal and background distributions after each of these cuts. We showed that VBF search has a better reach when compared with the monojet searches. We also showed that for M H + < 500 GeV, D-Y type of cuts provide better significances while VBF cut works much better for heavier M H + . We showed the 3σ reach of the λ L − M H 0 parameter space of of the model using VBF cuts for various luminosities and found that the reach can go up to 280 GeV of Higgs mass for a luminosity of 3000 fb −1 . 
